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Introduction {#sec001}
============

Liver cirrhosis results from persisting hepatocellular damage of diverse etiologies. It is characterized by an alteration of organ architecture consisting of the presence of regenerative nodules and surrounding fibrous tissue. Hepatic cirrhosis is the final result of a profound disturbance of liver tissue homeostasis. The liver is a complex ecosystem composed of parenchymal and non-parenchymal cells (including hepatic stellate cells--HSC-, Kupffer cells, endothelial cells and lymphocytes) that communicate through a fluent cross-talk of biochemical signals \[[@pone.0162955.ref001]\]. Continuing hepatocyte injury determines persisting liver cell regeneration. The transformation of the quiescent hepatocyte into a replicative cell leads to downregulation of nuclear factors, such as HNF4α, that govern the mature hepatocyte phenotype with resulting decrease of hepatocellular function. On the other hand, liver cell injury induces pro-inflammatory and pro-fibrogenic factors, such as TNFα, TGFβ, platelet-derived growth factor (PDGF) and VEGF, that promote HSC activation leading to αSMA upregulation and increased collagen synthesis \[[@pone.0162955.ref002]\]. In advanced liver cirrhosis hepatocyte dedifferentiation \[[@pone.0162955.ref003],[@pone.0162955.ref004]\] and increased collagen deposition lead to hepatic insufficiency and portal hypertension, two pathophysiological features responsible for the appearance of complications such as bleeding from esophageal varices, ascites and encephalopathy. At this stage of the disease liver transplantation is the only available curative therapy but this option can be offered to only a limited proportion of patients due to organ shortage and the frequent occurrence of contraindications resulting from co-morbidities or old age. Moreover, in transplanted patients maintained immunosuppression is associated with increased oncogenic risk and infections \[[@pone.0162955.ref005],[@pone.0162955.ref006]\] and represents a significant economic burden. Clearly, alternative therapies for advanced liver cirrhosis are much needed.

IGF-I is a typical product of the differentiated hepatocyte \[[@pone.0162955.ref007]\] and in fact most of circulating IGF-I is of hepatic origin. IGF-I deficiency occurs from the early stages of liver cirrhosis and serum IGF-I may become undetectable in advanced disease \[[@pone.0162955.ref008],[@pone.0162955.ref009]\]. IGF-I displays trophic functions systemically acting on intestine, muscle, bone, cartilage and gonads, but it also modulates liver tissue homeostasis \[[@pone.0162955.ref010]\]. Although *in vitro* studies have shown that IGF-I may stimulate collagen synthesis by isolated HSC, *in vivo* data indicate that IGF-I mediates cytoprotective and anti-fibrogenic effects within the liver. In a transgenic mouse model expressing IGF-I under the control of αSMA promoter it has been shown that IGF-I induces HSC to release HGF which is a potent hepatoprotective and anti-fibrogenic factor \[[@pone.0162955.ref010]\]. Moreover in rats with experimental cirrhosis, low doses of recombinant IGF-I resulted in a significant reduction of liver fibrosis accompanied by improvement of liver function \[[@pone.0162955.ref011],[@pone.0162955.ref012]\]. Besides, mesenchymal stromal cells engineered to produce IGF-I significantly decrease liver fibrosis in mice \[[@pone.0162955.ref013]\]. Thus, in liver cirrhosis IGF-I deficiency may likely impair the expression of hepatoprotective factors facilitating HSC activation and collagen production.

Based on this notion we have previously used an SV40-based vector to transduce the cirrhotic liver in order to restore intrahepatic expression of IGF-I \[[@pone.0162955.ref014]\]. We observed that the liver of rats treated with SV40 vector encoding IGF-I (SVIGF-I) showed significant reduction of fibrogenesis and increased fibrolysis together with increased expression of HGF and HNF4α and improved hepatocellular function. Although SVIGF-I was able to induce partial cirrhosis regression, this vehicle is not liable to clinical translation due to uncertainties regarding safety and technical limitations to produce the amount of vector needed for human application. Unlike SV40 vectors, AAV-based gene therapy has been widely and safely used in a diversity of clinical trials \[[@pone.0162955.ref015],[@pone.0162955.ref016]\]. Thus, in the present study we have explored the effect of an AAV vector expressing IGF-I (AAVIGF-I), as compared to SVIGF-I, in the treatment of experimental cirrhosis. Here we show that in the liver of cirrhotic rats treated with AAVIGF-I there was a rapid de-activation of HSC in association with downregulation of pro-inflammatory and pro-fibrogenic factors and upregulation of HGF, HNF4α and metalloprotease activity leading to fibrosis regression and improvement of liver function. Unexpectedly, complete reversal of liver cirrhosis was only observed in AAVIGF-I treated rats. Our present findings provide the basis for clinical testing of AAVIGF-I in advanced liver cirrhosis.

Materials and Methods {#sec002}
=====================

Animal model of established liver cirrhosis {#sec003}
-------------------------------------------

This study was performed following the regulations of the Animal Care Ethical Committee from the University of Navarra. The protocol was approved by the Committee (protocol 037--10) and by a special agent of the Government of Navarra. All surgery was performed under sodium pentobarbital anaesthesia and all possible efforts were made to ensure the wellbeing of the animals and minimize their suffering. Cirrhosis was induced in male Sprague-Dawley rats of (180--200 g), with weekly intragastric administrations of carbon tetrachloride (CCl~4~, Riedel-de Haën) for 8 weeks, as described and 400mg/l of phenobarbital in the drinking water \[[@pone.0162955.ref014]\]. In brief, the initial CCl~4~ dose was 20 μl per rat. Subsequent doses were adjusted based on the change in body weight 48 hours after the last dose. Normal weight loss ranged from 5--15%. Animals with severe weight loss (higher than 20%), poor motility, difficult access to food or water or lack of response to external stimuli were sacrificed in a CO~2~ chamber. All rats were observed at least twice daily until death. Following this protocol, ascites was apparent in some of the animals. Thirty percent of the animals died during cirrhosis induction and one percent during surgery. Blood samples were collected from the retro-orbital plexus and serum markers were analyzed as a way to evaluate progression of established cirrhosis.

Construction of pAAVIGF-I {#sec004}
-------------------------

Plasmid pAAV-GFP and pSV-IGF-I \[[@pone.0162955.ref017]\] were digested with Bgl II and Xho I and ligated to replace the CMV-GFP cassette by the rat IGF-I sequence. The resulting plasmid was digested with Bgl II and a blunt-end ligation was performed to clone in the Bgl II site the liver specific promoter a1antitrypsin (a1AT) fused to the enhancer of albumin (Ealb). The enhancer-promoter sequence was obtained after digestion of pEalba1ATLuc with Xho I and Hind III \[[@pone.0162955.ref018]\]. In the context of AAV1 vectors, this liver specific promoter drives expression only in rat liver, preferentially in hepatocytes compared to HSCs, Kupffer and endothelial cells \[[@pone.0162955.ref019]\].

Inoculation of vectors and experimental protocol {#sec005}
------------------------------------------------

Recombinant double stranded AAV vectors encoding IGF-I were produced in packaging cells as described \[[@pone.0162955.ref019]\]. The inverted terminal repeats of AAV2 were used and the virus was pseudotyped with AAV1. AAV1 was chosen because this serotype transduces rat liver efficiently \[[@pone.0162955.ref020]\]. The vector that expresses IGF-I was named AAVIGF-I and has the liver specific promoter a1antitrypsin fused to the enhancer of albumin (a1AT). AAVLuc \[[@pone.0162955.ref019]\] and SVLuc, both expressing luciferase (Luc), were used as negative controls. SVIGF-I expresses IGF-I from a SV40 vector and was used as a positive control \[[@pone.0162955.ref017]\]. For evaluation of AAVIGF-I ([Fig 1a](#pone.0162955.g001){ref-type="fig"}) cirrhotic animals were injected in the hepatic artery with 200 μl of saline (n = 13), AAVLuc (n = 14), AAVIGF-I (n = 17) or SVIGF-I (n = 10). 3.4 x 10^9^ viral particles (vp) of AAVLuc or AAVIGF-I were injected per animal. Regarding SVIGF-I the dose of 10^11^ vp/rat was used as it was previously shown to prevent and partially revert liver cirrhosis in rats \[[@pone.0162955.ref014],[@pone.0162955.ref017]\]. A group of healthy rats of the same age (n = 10) was used as an additional control. Luciferase expression was analyzed in AAVLuc treated animals once a week during all the experimental protocol to ensure proper transgene expression. To analyze early and medium-term molecular changes occurring in the liver of cirrhotic rats treated with SVIGF-I or AAVIGF-I animals were sacrificed and blood samples were collected at 4 days (Healthy = 5, saline = 4, AAVLuc = 4, AAVIGF-I = 6, SVIGF-I = 3) and 8 weeks (Healthy = 5, saline = 4, AAVLuc = 5, AAVIGF-I = 5, SVIGF-I = 3) after vector administration ([Fig 1a](#pone.0162955.g001){ref-type="fig"}). The long-term effect of the two IGF-I expressing vectors on cirrhosis regression was assessed by studying liver histology at four months in cirrhotic rats treated with saline (n = 5), AAVLuc (n = 5), AAVIGF-I (n = 6) or SVIGF-I (n = 4).

![Functional IGF-I is expressed in the liver after administration of AAVIGF-I or SVIGF-I.\
(a) Schematic of the experimental protocol used. Healthy animals were untreated, or used to induce liver cirrhosis by intragastric administration of CCl~4~ once a week for eight weeks (w). One week after the end of the cirrhosis induction protocol, cirrhotic animals were treated with saline, AAVLuc, AAVIGF-I or SVIGF-I by intra-arterial administration. Animals were sacrificed 4 days, 8 weeks and 16 weeks after vector inoculation. Healthy animals were sacrificed in parallel as controls. Blood was collected and liver samples were processed for histology, and purification of RNA and proteins for further analysis. (b) Analysis of liver IGF-I expression and activity. Liver samples were obtained from healthy, cirrhotic animals treated with saline (Ci), AAVLuc (Ci+AAVLuc), AAVIGF-I (Ci+AAVIGF-I) or SVIGF-I (Ci+SVIGF-I). Total IGF-I protein (a) and IGF-I, IGFBP3 and IGF-IR mRNAs were quantified by ELISA and qRT-PCR in liver extracts. Transcript levels shown are relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA levels. Samples were obtained 4 days or 8 weeks after vector inoculation. Error bars denote standard deviations. Significant and non-significant (ns) differences are highlighted.](pone.0162955.g001){#pone.0162955.g001}

Serum biochemistry {#sec006}
------------------

Serum transaminases (alanine (ALT) and aspartate aminotransferase (AST) and alkaline phosphate (ALP)), albumin and bilirubin, were measured (ABX diagnostics) in a Hitachi autoanalyzer (Roche).

Liver histology and immunohistochemistry {#sec007}
----------------------------------------

Liver collagen content was assessed by Sirius red staining and scored by imaging analysis (AnalySIS 3.1, Soft Imaging System) as described \[[@pone.0162955.ref014]\]. αSMA was stained with a mouse monoclonal antibody (1A4, Sigma) diluted 1:400.

Proteins and RNA analysis {#sec008}
-------------------------

Total liver IGF-I (OCTEIA Rat/mouse IGF-I, Vitro), MMP-2 (Matrix Metalloproteinase-2 Activity Assay Biotrak System) and MMP-9 (Matrix Metalloproteinase-9 Activity Assay Biotrak System) were measured in liver extracts by ELISA. MMP activity was also evaluated in liver extracts with a fluorigenic peptide (Mca-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH~2;~ R&D system) \[[@pone.0162955.ref021]\]. Recombinant human MMP-2 (Calbiochem) was used as positive control. TGFβ, TNFα, interleukin 6 (IL-6) (all of them from Elisa BD OptE1A^™^, BD biosciences) and HGF (Institute of immunology Co, Ldt) were measured in liver extracts. Total RNA was extracted as described previously \[[@pone.0162955.ref017]\]. Quantitative RT-PCRs (qRT-PCRs) were done using the primers and conditions listed in [S1 Table](#pone.0162955.s001){ref-type="supplementary-material"} and described in \[[@pone.0162955.ref022]\].

Statistical analysis {#sec009}
--------------------

Data are expressed as means ± standard deviation. The normality of quantitative variables was assessed with D´Agostino and Pearson omnibus normality test. Data were compared with analysis of variance (ANOVA) and multiple Bonferroni-corrected Mann--Whitney U-tests were used as post hoc comparisons. When the normality could not be proven, Kruskal--Wallis tests were used to evaluate global differences and Dunns was used as post-test. Control groups that were proven undistinguishable were pooled for increased sensitivity. Equivalence was calculated with two one-sided test (TOST) \[[@pone.0162955.ref023]\]. Samples were considered equivalent when the range of inferential confidence interval with a probability of 95% (ICI~95~) was contained within the range of equivalence defined as three standard deviations of the mean of the healthy sample. Differences were deemed significant for a real alpha of 0.05. \* denotes p≤0.05, \*\* p≤0.01 and \*\*\* p≤0.001. All statistical analyses were carried out with SPSS v11.0 (SPSS Inc).

Results {#sec010}
=======

AAVIGF-I restores hepatic IGF-I expression in liver cirrhosis {#sec011}
-------------------------------------------------------------

Different groups of cirrhotic rats were treated with either saline (Ci), AAVLuc, AAVIGF-I or SVIGF-I one week after completion of the cirrhosis induction protocol and a group of healthy rats were used as normal controls. Animals were sacrificed and analyzed for different parameters at day 4 and week 8 post-therapy and some rats were sacrificed at week 16 to assess the long term effect of the therapy on liver histology ([Fig 1a](#pone.0162955.g001){ref-type="fig"}).

A significant decrease of IGF-I expression was observed in control cirrhotic livers (Ci and AAVLuc) in comparison to healthy rats and this was accompanied by reduced hepatic expression of the classical IGF-I target gene IGF binding protein 3 (IGFBP3) ([Fig 1b and 1c](#pone.0162955.g001){ref-type="fig"}). Eight weeks after therapy, a significant rise in the hepatic levels of IGF-I mRNA and protein was observed in both SVIGF-I and AAVIGF-I groups, reaching values above normal levels. This was associated with a parallel elevation of IGFBP3. A concomitant increase in serum levels of IGF-I was not observed (data not shown). The enhancement of liver IGF-I expression could be detected as soon as day 4 in AAVIGF-I and SVIGF-I treated rats ([Fig 1b](#pone.0162955.g001){ref-type="fig"}). As indicated above while IGF-I is a product of hepatocytes, IGF-I receptor (IGF-IR) is mainly expressed by HSC \[[@pone.0162955.ref019]\]. Interestingly, IGF-IR was upregulated in all animals that received IGF-I encoding vectors ([Fig 1c](#pone.0162955.g001){ref-type="fig"}), indicating that restoration of liver IGF-I levels causes increased sensitivity to the intrahepatic effects of this hormone.

AAVIGF-I suppresses intrahepatic expression of pro-inflammatory and pro-fibrogenic factors and induces rapid HSC deactivation {#sec012}
-----------------------------------------------------------------------------------------------------------------------------

Both AAVIGF-I and SVIGF-I induced a significant reduction in the intrahepatic expression of pro-inflammatory and pro-fibrogenic factors including IL-6, TNFα, TGFβ, CTGF, VEGF and PDGF ([Fig 2](#pone.0162955.g002){ref-type="fig"}). Equivalence tests indicated that at week 8 after therapy with the exception of VEGF and IL-6, which was not detected, the values of all these molecules were similar in healthy livers and in animals treated with either AAVIGF-I or SVIGF-I ([Fig 2](#pone.0162955.g002){ref-type="fig"}). However, they remained significantly above normal levels in both Ci and AAVLuc groups. A similar result was observed when evaluating the levels of liver enzymes ([Fig 2e](#pone.0162955.g002){ref-type="fig"}). Notably, we observed a rapid and significant decline in the expression of TGFβ (both mRNA and protein), CTGF and VEGF by day 4 after therapy in AAVIGF-I treated rats but not in those given SVIGF-I ([Fig 2a and 2d](#pone.0162955.g002){ref-type="fig"}).

![Analysis of liver damage, pro-inflammatory and pro-fibrogenic factors.\
Animals were treated as described in [Fig 1](#pone.0162955.g001){ref-type="fig"} and TGFβ (a), TNFα (b) and IL-6 (c) mRNA and protein levels were evaluated in liver extracts by qRT-PCR or ELISA. CTGF, VEGF and PDGF mRNA levels were also measured. Transcript levels shown are relative to GAPDH mRNA levels. (e) Transaminases AST, ALT and ALP were quantified in the serum of the animals 8 weeks after vector administration. Error bars denote standard deviations. Significant and non-significant (ns) differences are highlighted.](pone.0162955.g002){#pone.0162955.g002}

Consonant with these findings, immunohistochemical and qRT-PCR analyses showed that hepatic expression αSMA, a marker of HSC activation, was not statistically different from healthy values by week 8 in both AAVIGF-I and SVIGF-I treated groups while it remained significantly elevated in Ci and AAVLuc animals. Interestingly, at day 4, αSMA was found to be significantly downregulated in AAVIGF-I treated rats but not in those given SVIGF-I, indicating a more rapid effect of the former vector in the induction of HSC deactivation ([Fig 3](#pone.0162955.g003){ref-type="fig"}).

![Analysis of HSCs.\
Animals were treated as described in [Fig 1](#pone.0162955.g001){ref-type="fig"} and αSMA expression and localization was evaluated by immunohistochemistry (a) and qRT-PCR (b). Transcript levels shown are relative to GAPDH mRNA levels. Error bars denote standard deviations. Significant and non-significant (ns) differences are highlighted.](pone.0162955.g003){#pone.0162955.g003}

AAVIGF-I upregulates HGF and enhances the expression and activity of metalloproteases (MMPs) in liver tissue {#sec013}
------------------------------------------------------------------------------------------------------------

Hepatocyte growth factor (HGF) is produced in the liver by non-parenchymal cells and acts as a potent cytoprotective and anti-fibrogenic factor \[[@pone.0162955.ref024]\]. One important effect of HGF is the induction of MMPs which are involved in degradation of extracellular matrix \[[@pone.0162955.ref024]\]. It has been shown that intrahepatic expression of IGF-I stimulates HGF production by HSC \[[@pone.0162955.ref010],[@pone.0162955.ref019]\]. Confirming these data we found that livers from cirrhotic rats treated with either AAVIGF-I or SVIGF-I showed increased hepatic HGF mRNA and protein levels at week 8 after therapy and that HGF upregulation could already been observed at day 4 in the former group but not in the later ([Fig 4](#pone.0162955.g004){ref-type="fig"}). Again these results indicate a quicker effect of AAVIGF-I as compared to SVIGF-I in the modulation of anti-fibrogenic factors.

![Analysis of HGF.\
Animals were treated as described in [Fig 1](#pone.0162955.g001){ref-type="fig"} and HGF mRNA (a) and protein (b) levels were evaluated by qRT-PCR or ELISA in liver extracts. Transcript levels shown are relative to GAPDH mRNA levels. Error bars denote standard deviations. Significant and non-significant (ns) differences are highlighted.](pone.0162955.g004){#pone.0162955.g004}

In agreement with HGF upregulation, we observed a significant elevation of MMP activity, MMP-1, MMP-2, MMP-9 and MMP-14 mRNA, and of MMP-2 and MMP-9 protein in the livers of cirrhotic rats treated with either AAVIGF-I or SVIGF-I ([Fig 5](#pone.0162955.g005){ref-type="fig"}). These changes were accompanied by a significant reduction in the expression of tissue inhibitor of metalloproteinases-2 (TIMP-2), a potent inhibitor of MMPs. The effect of the therapy on MMPs and TIMP-2 was apparent at week 8 but not at day 4 after vector injection.

![Analysis of MMPs and MMP inhibitors.\
Animals were treated as described in [Fig 1](#pone.0162955.g001){ref-type="fig"} and MMP-1, 2, 9 and 14 mRNAs (a) and MMP-2 and 9 proteins (b) were evaluated in liver extracts by qRT-PCR or ELISA respectively. Total MMP activity in liver extracts (c) and the levels of MMP inhibitor TIMP-2 mRNA (d) were also evaluated. Transcript levels shown are relative to GAPDH mRNA levels. Error bars denote standard deviations. Significant and non-significant (ns) differences are highlighted.](pone.0162955.g005){#pone.0162955.g005}

Treatment of cirrhotic rats with AAVIGF-I leads to complete cirrhosis reversion with disappearance of liver fibrosis and improvement of hepatocellular function {#sec014}
---------------------------------------------------------------------------------------------------------------------------------------------------------------

A central finding in this study was that liver fibrosis was not statistically different in healthy animals and rats analyzed at 16 weeks after therapy with AAVIGF-I ([Fig 6](#pone.0162955.g006){ref-type="fig"}). Of note, collagen deposition was not completely normalized in rats which received SVIGF-I, although they exhibited a significant reduction of fibrosis score. Similar results were obtained when collagen IV expression was evaluated. While collagen I levels were not statistically different in AAVIGF-I and SVIGF-I-treated rats, collagen IV levels were significantly increased in SVIGF-I compared to AAVIGF-I-treated rats. Interestingly, the levels of collagen I and IV in animals treated with AAVIGF-I for 8 weeks were not statistically different from those observed in healthy animals.

![Analysis of liver fibrosis.\
Animals were treated as described in [Fig 1](#pone.0162955.g001){ref-type="fig"} and liver fibrosis was evaluated by quantification (b) of Sirius red staining 16 weeks after vector administration (a) or by qRT-PCR of collagen I and collagen IV mRNA performed in samples collected at the indicated times (c). Collagen mRNA levels shown are relative to GAPDH mRNA levels. Error bars denote standard deviations. Significant and non-significant (ns) differences are highlighted.](pone.0162955.g006){#pone.0162955.g006}

Of remark, these beneficial effects on hepatic fibrosis were accompanied in both AAVIGF-I and SVIGF-I groups by a general normalization of hepatocellular function, as estimated by serum bilirubin (non-significantly different between healthy and IGF-I-treated animals) and albumin levels (which were similar in healthy and IGF-I-treated animals) observed at 8 weeks post-therapy ([Fig 7](#pone.0162955.g007){ref-type="fig"}). Improvement of liver function was associated with upregulation of the hepatocyte differentiating factor HNF4α and downregulation of Wilms\' tumor 1 (WT-1), a nuclear factor upregulated in liver cirrhosis which has been shown to mediate hepatocellular dedifferentiation ([Fig 7](#pone.0162955.g007){ref-type="fig"}). Interestingly, similar to other molecules like HGF and TGFβ, the effect on HNF4α occurred more rapidly in the AAVIGF-I group. Hepatic proliferating cell nuclear antigen (PCNA) expression, a surrogate of liver cell proliferation, showed a significant reduction at day 4 in AAVIGF-I treated rats being the levels comparable to those present in healthy livers at week 8 after therapy in both AAVIGF-I and SVIGF-I groups. This finding likely reflects the quiescence of the mature hepatocyte and the hepatocyte differentiating effect of IGF-I encoding vectors.

![IGF-I treatment restores liver functionality and hepatocyte differentiation.\
(a) Bilirubin and albumin were quantified in the serum of animals treated as described in [Fig 1](#pone.0162955.g001){ref-type="fig"}, 8 weeks after vector administration. (b) mRNA levels of the maturation factor HNF4α, the differentiation factor WT-1 and the proliferation factor PCNA were evaluated by qRT-PCR in liver extracts of animals described in [Fig 1](#pone.0162955.g001){ref-type="fig"}. Transcript levels shown are relative to GAPDH mRNA levels. Error bars denote standard deviations. Significant and non-significant (ns) differences are highlighted.](pone.0162955.g007){#pone.0162955.g007}

Discussion {#sec015}
==========

Although liver transplantation has represented a formidable advance in the management of liver cirrhosis, this therapeutic approach has important limitations. These include organ shortage, frequent occurrence of contraindications, procedure-associated mortality and morbidity, the need for long-term immunosuppression with increased risk of infections and tumor development and high cost \[[@pone.0162955.ref025]\]. Consequently, translational research aimed at testing novel therapies for patients with decompensated liver cirrhosis is an urgent medical task.

Liver cirrhosis has long been considered an irreversible condition. However, recent evidence in persistently abstinent alcoholics, in patients with hepatitis B virus-induced cirrhosis treated for years with anti-polymerase drugs and in patients with hepatitis C virus (HCV)-induced cirrhosis who cleared the virus after antiviral therapy, indicates that liver cirrhosis can revert partially or completely \[[@pone.0162955.ref026]--[@pone.0162955.ref029]\]. Clinical data showing that the cirrhotic liver possesses tissue plasticity indicate that factors implicated in liver tissue homeostasis can effectively achieve organ remodeling upon cessation of the injurious agent.

Within the liver ecosystem, IGF-I represents a signal emanating from differentiated hepatocytes which modulates the functionality of non-parenchymal cells. These, in turn, secrete mediators affecting hepatocyte survival, differentiation and function \[[@pone.0162955.ref010],[@pone.0162955.ref024],[@pone.0162955.ref030]--[@pone.0162955.ref032]\]. In liver cirrhosis hepatocellular insufficiency causes marked IGF-I deficiency \[[@pone.0162955.ref008],[@pone.0162955.ref033]\] and this situation could benefit from hormone replacement therapy. In fact a pilot randomized double-bind clinical trial testing recombinant IGF-I given subcutaneously for 4 months to cirrhotic patients demonstrated amelioration of liver biosynthetic functions with significant improvement of Child-Pugh score \[[@pone.0162955.ref034]\]. Parenteral administration of IGF-I protein induces both intrahepatic and systemic hormonal effects. However, when looking for a preferential effect of IGF-I within the liver, as when this hormone is intended for remodeling the cirrhotic tissue, a gene therapy approach is desirable. Targeting the liver with a hepatotropic gene therapy vector would enable transgenic IGF-I to be orthotopically synthesized by hepatocytes in close vicinity to non-parenchymal liver cells located in the fibrous scar where IGF-IR is expressed \[[@pone.0162955.ref014]\]. In this way, only a moderate rise of intrahepatic IGF-I levels, which per se do not elevate serum IGF-I concentration (data not shown), is enough to trigger a signaling cascade within the cirrhotic liver leading to regression of histopathological and functional alterations. According to these concepts, it has been shown that gene therapy of experimental liver cirrhosis in rats using an SV40 based vector caused attenuation of inflammation, partial fibrosis regression and improved hepatocellular function \[[@pone.0162955.ref014]\]. This study, however, was performed with a vector which is not amenable to clinical use. In order to provide support for clinical translation of IGF-I based gene therapy of liver cirrhosis, in the present work we have used an AAV vector which has been widely and safely employed in diversity of liver-directed gene therapy clinical trials.

Here we show that AAVIGF-I is a potent tool acting within the liver to re-route hepatic tissue homeostasis. With the vector doses used in this study we found that, in comparison to control cirrhotic rats, the levels of intrahepatic IGF-I were increased at day 4 and week 8 in both AAVIGF-I and SVIGF-I groups. We observed that, unlike SVIGF-I, AAVIGF-I displayed its effects very quickly, being detectable as soon as 4 days after vector injection. At this early time point, a significant reduction of αSMA expression together with downregulation of the profibrogenic molecules TGFβ, CTGF and VEGF and upregulation of HGF and HNF4α was present in AAVIGF-I treated animals but not in those which received SVIGF-I. Differences in the therapeutic effects between the two vectors were also observed at week 8. At this moment, the AAVIGF-I group showed normal collagen IV mRNA values while they were still elevated in the SVIGF-I group. Remarkably, variances between the two vectors were also apparent at week 16, on which SVIGF-I cirrhotic rats still showed significant liver fibrosis while liver histology reverted to normal in animals treated with AAVIGF-I. Furthermore, similar liver fibrosis was observed in animals treated with SVIGF-I for 16 or 25 weeks (data not shown). We cannot exclude the possibility that the different outcome results from a faster and/or greater expression of IGF-I from AAVIGF-I than from SVIGF-I. However, the statistical analysis shows that the levels of IGF-I observed 4 days and 8 weeks after administration of SVIGF-I and AAVIGF-I are not significantly different. Therefore, we hypothesize that the different therapeutic efficacy observed with AAVIGF-I and SVIGF-I may result from the different targeting of these vectors into the liver. While both SVIGF-I and AAVIGF-I target preferentially hepatocytes, a significant expression of IGF-I can be observed in HSCs, Kupffer and endothelial cells in livers treated with SVIGF-I, which employs a ubiquitous SV40 promoter for transgene expression \[[@pone.0162955.ref014]\]. However, very little transgene expression is observed in non-parenchymal cells when the AAV1 with the liver specific promoter is used \[[@pone.0162955.ref019]\].

In all cirrhotic animals treated with IGF-I expressing vectors regression of hepatic fibrosis was associated with dampening of fibrogenic mediators, enhanced expression of MMPs and downregulation of TIMP-2. We believe that these factors played a major role in the resolution of liver fibrosis. In addition AAVIGF-I, like SVIGF-I, also proved to be highly effective at inhibiting inflammation, attenuating liver damage and stimulating hepatocyte differentiation and hepatocellular function. These effects, likely mediated in part by HGF upregulation, favor hepatocellular quiescence as shown by lower PCNA levels in IGF-I treated livers.

A concern for the translation of AAVIGF-I therapy into the clinic is that IGF-I is a growth factor which participates in the development of different malignancies \[[@pone.0162955.ref035]\]. Liver cirrhosis is a preneoplastic condition which predisposes to hepatocellular carcinoma (HCC), a tumor where IGF-IR activation has been shown to promote tumor growth \[[@pone.0162955.ref009]\]. However, in the cirrhotic liver HCC develops in a tissue with very low IGF-I expression \[[@pone.0162955.ref036]\]. HCC oncogenesis is associated with strong upregulation of insulin growth factor 2 (IGF-II); this molecule, and not IGF-I, appears to be the oncogenic IGF-IR ligand in HCC \[[@pone.0162955.ref009]\]. In fact, it has been shown that post-resection recurrence of HCC is associated with the expression in the cirrhotic non-tumor tissue of genes reflecting hepatocellular dedifferentiation and poor liver function while good prognosis after resection is linked to preserved IGF-I expression \[[@pone.0162955.ref037]\]. Here we found that AAVIGF-I improves liver function and upregulates HNF4α which promotes hepatocyte differentiation while downregulates WT-1 which incites hepatocellular dedifferentiation and HCC development \[[@pone.0162955.ref003],[@pone.0162955.ref038]\]. On the other hand as TNFα and IL-6 signaling have been also shown to be involved in HCC oncogenesis \[[@pone.0162955.ref037]\], the observed anti-inflammatory effects of IGF-I encoding vectors might oppose tumor development in the cirrhotic liver. Thus, there are grounds to think that AAVIGF-I therapy in addition to reducing fibrosis and improving hepatocellular function might also decrease the oncogenic risk in liver cirrhosis. In this regard it should be mentioned that we have performed necropsy studies one year after the administration of 3.4 x 10^9^ vp/rat of AAVIGF-I into cirrhotic animals and no tumors were found and non-significant differences were observed after analysis of several parameters in blood and urine and histopathological analyses of several organs from 3 healthy animals and cirrhotic animals injected with saline (n = 4), AAVLuc (n = 2) or AAVIGF-I (n = 4) (data not shown). And the same result was observed in necropsy analyses performed one year after the administration of 10^12^ vp/rat of AAVIGF-I. In this study, non-significant differences were found after analysis of several parameters in blood and histopathological analyses of several organs from 4 healthy animals and cirrhotic animals injected with saline (n = 4), AAVLuc (n = 4) or AAVIGF-I (n = 6) (data not shown). Moreover, mice inoculated with AAVIGF-I before or 6 months after treatment with diethylnitrosamine (DEN), which induces hepatocarcinogenesis in mice, did not show more tumors or larger tumors than control animals (data not shown). While these results suggest that treatment with AAVIGF-I is safe, unpredicted unwanted secondary effects derived from long-term expression of exogenous IGF-I in the liver could be avoided by using inducible promoters. These promoters should be switched-off once the therapeutic effect has been achieved. Further, it should be stressed that clinical trials should be performed in cirrhotic patients without detectable tumors.

Other issues should be stablished before the beginning of the clinical trial. We have used AAV1 vectors in our studies because these vectors transduce rat liver efficiently \[[@pone.0162955.ref020]\]. However, this serotype should not be used in patients, as human liver transduction by this vector has not been studied and both the prevalence of serum anti-AAV1 IgG and the neutralizing factor seroprevalence is high. Instead we recommend the use of a vector whose tropism for human liver has been well-documented, such as AAV8 \[[@pone.0162955.ref039]\]. Moreover, initial clinical trial should better include patients whose underlying cause of liver cirrhosis has been eliminated, such as patients who have cleared HCV after antiviral therapy. Notwithstanding, IGF-I might also demonstrate therapeutic efficacy in patients with active liver cirrhosis. In fact, previous results have shown that SVIGF-I treatment decreases liver cirrhosis progression in rat liver \[[@pone.0162955.ref034]\] and significant improvement in liver function has been observed in patients with alcoholic cirrhosis treated with recombinant IGF-I for 4 months \[[@pone.0162955.ref034]\].

In conclusion, IGF-I based gene therapy using an AAV vector promotes reversal of experimental liver cirrhosis. These findings provide support for translational studies in cirrhotic patients with advanced disease.
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